ABSTRACT Using an idealized model framework with high-frequency tropical latent heating variability derived from global satellite observations of precipitation and clouds, we examine the properties and effects of gravity waves in the lower stratosphere, contrasting conditions in an El Niño and a La Niña year.
scale waves through mesoscale gravity waves. We compare modeled monthlymean regional variations in wind and temperature with reanalyses, and we validate the modeled gravity waves using satellite-and balloon-based estimates of gravity wave momentum flux. Some interesting changes in the gravity spectrum of momentum flux are found in the model which are discussed in terms of the interannual variations in clouds, precipitation, and large-scale winds. While regional variations in clouds, precipitaiton, and winds are dramatic, the mean gravity wave zonal momentum fluxes entering the stratosphere differ by only 11%. The modeled intermittency in gravity wave momentum flux is shown to be very realistic compared to observations, and the largest amplitude waves are related to significant gravity wave drag forces in the lowermost stratosphere. This strong intermittency is generally absent or weak in climate models due to deficiencies in parameterizations of gravity wave intermittency. Our results suggest a way forward to improve model representations of lowermost stratospheric quasi-biennial oscillation winds and teleconnections. 
44
The key characteristics of the QBO are zonal mean winds that oscillate from easterly to westerly 45 with an average period of 28 months. The period is inversely related to atmospheric wave mo- Although the basic wave-mean flow interaction mechanism that forces the QBO has been un-55 derstood for decades, most climate models still do not have a QBO [Schenzinger et al. 2016 ]. The 56 global climate and weather forecasting models that do include a QBO rely on parameterization 57 3 of sub-grid-scale gravity wave forcing. Such parameterizations often assume an average set of 58 wave properties, continually forced at all times and all longitudes. A few climate models include 59 varying gravity wave properties that are tied to the model's parameterized convection (e.g. Richter 60 et al. [2014] , Bushell et al. [2015] ), but large uncertainties in specifying the properties of the 61 sub-gridscale gravity waves remain [Schirber et al. 2015] .
62
In this study, we employ a global model that is uniquely constrained by observations in multiple In section 2, we describe the precipitation and cloud data that will be used to estimate latent [Alexander 2015 ] that we will use to validate the modeled gravity 172 waves. We force the model with the zonally-symmetric component of the heating removed, and 173 focus on analysis of waves with periods shorter than 30 days.
174
Note that while the horizontal resolution is similar to many current climate models, the spec- The properties of waves forced by convective heating are sensitive to both the strength of the model study of Norton [2006] .
230
While the model shows differences from MERRA in these monthly-mean comparisons, the de-231 gree to which our highly idealized model does capture the observed zonally-asymmetric wind and 232 temperature pattern differences in these two years is due to the realism of the monthly-mean heat- are strong at QBO altitudes, beginning at 18 km and above (Fig. 2c) . The QBO wind variations 242 will dramatically alter the spectrum of waves through wave-mean flow interaction. We therefore 
277
If these waves were instead generated in the middle troposphere, they would have been filtered by 278 the upper troposphere westward winds. These regional spectra also make it clear that the strongest tent such that packets appear in relative isolation, an assumption relevant to the lower stratosphere.
309
Ideally, the wind covariances would be averaged over a period or wavelength, however we use this 310 approximate method following previous work ].
311 Figure 11a shows occurrence frequencies of these gravity wave momentum fluxes at 20 km, con- (Fig. 7) . However, the uncertainties in the heating derived from CMORPH precipitation 339 would also need to be considered in order to claim a statistically significant difference between 
346
Here interannual differences appear more prominently in the extended tail of the distribution, and 347 statistics for these distributions are shown in and not intermittent. They also showed the distribution of gravity wave momentum fluxes using a 386 variable convective source parameterization. In this case, occurrences drop 4 decades at a flux of 387 ∼20-25 mPa, which is much more realistically intermittent than the invariant parameterization, but 388 the intermittency falls far short of that observed or that produced in our model. In particular, long-389 duration balloon observations [Jewtoukoff et al. 2013 ] (their Fig. 15 
426
More realistic intermittency such as shown in our Fig. 11 does in fact lead to significant forces 427 in the lower stratosphere below 20 km (Fig. 12) . That these forces are due to dissipation of the 428 largest amplitude waves is also evident from comparison of the distributions at 17 km and 20 km 429 shown in Fig. 11 . Nearly half of the gravity wave momentum flux is dissipated between these 430 levels in our model.
431
Our results may be relevant for realizing the long-range forecast skill that is expected from re- 
453
In addition to forcing the stratosphere and mesosphere, gravity waves from convection can also phase speeds ∼7-20 m s −1 , the spectra in Fig. 12 show that much faster waves also appear at troposphere, which is close to four times the most common cloud and heating depth in our simula-462 tions of 11 km (Fig. 3) . While a vertical wavelength of twice the depth of the heating, or 22 km, is in our simulations. In fact, they can dominate the convectively-generated gravity wave spectrum 467 at wave periods shorter than a few hours. 
Summary and Conclusions

469
We use satellite-based global precipitation and cloud data at high spatial and temporal reso- to be a more important source in terms of gravity wave momentum fluxes.
488
The modeled intermittency in gravity wave amplitudes is similar to that observed in existing 489 drifting isopycnal balloon measurements [Jewtoukoff et al. 2013 The latent heating algorithm we use to compute space-time gridded heating rates suitable for 511 wave studies was described in Ryu et al. [2011] . There, they showed the zonal-mean heating heating products exist for us to compare the higher-frequency variability. We instead validate our 517 modeled gravity waves with observations in section 4.
518
A further examination of the heating input to the model is shown in Figure A1 . These are average LIST OF FIGURES 
